The rabbit is the smallest and least expensive laboratory animal in which serial semen samples can be obtained for morphologic, biochemical, and fertility evaluation. The female rabbit has a predictable reproductive cycle and can be artificially inseminated with a known amount of sperm during fertility testing. These advantages make the rabbit an extremely valuable model for studying the effects ofchemicals or other stimuli on the male reproductive system. Quantitative evaluation of the testis, semen, and accessory reproductive organs is important in order to detect subtle effects of a chemical on reproductive capacity. Evaluation of testis size, serum hormone concentrations, and the number, morphology, motility, and fertility of sperm in the ejaculate can be performed serially in the live rabbit. Weights of testes and accessory reproductive organs, estimates of daily sperm production, and histomorphometric data on the seminiferous epithelium can be obtained after sacrifice. Multinucleated spermatids, focal tubular hypospermatogenesis, swelling of spermatocytes, and cytoplasmic vacuoles in Sertoli's cells occur commonly in testes of control rabbits. These changes may be confused with toxic lesions. The incidence of multinucleated spermatids may be increased by stress associated with handling or the environment. Histomorphometric evaluation may be required to prove that a test compound has an adverse effect on the male reproductive system.
Introduction
Rabbits are excellent models for many aspects of research in reproductive toxicology. Advantages of using the rabbit in reproductive toxicologic studies include: (a) The male rabbit is the smallest, least expensive animal that can be ejaculated with an artificial vagina, permitting longitudinal evaluation of semen. (b) Normal reproductive processes, including normal morphology, the cycle of the spermatogenic epithelium, and testicular maturation, are documented in the literature (1) (2) (3) (4) . (c) The female can be artificially inseminated and has a predictable reproductive cycle. (d) Rabbits are easy to handle. These advantages permit longitudinal evaluation of sperm production, semen morphology and biochemistry, and longitudinal fertility testing with known numbers of diluted spermatozoa.
Rabbits are often introduced into studies before they reach sexual maturity. This may be an advantage if the maximum susceptibility to a test compound is desired. The spermatogonia start to divide at 7 to 8 weeks of age, the blood-testis barrier forms by 10 weeks of age (4) , the testes descend and the tubules develop lumina at 12 weeks of age, and spermatids and spermatocytes are first seen at 14 to 15 weeks of age (3) . Tubules appear histologically mature by 18 weeks of age (5) . The testes continue to grow and increase sperm production until 6 months of age. Strain-related variation in the time re-*Department of Veterinary Pathobiology, University of Illinois, Urbana, IL 61801. quired for maturation of the testis has been reported (6) .
In the rabbit, eight cellular associations of developing male gametes are recognized in histologic sections of seminiferous tubules (2) . These eight associations make up the spermatogenic cycle, diagrammed in Figure 1 . The length of the cycle of the seminiferous epithelium lasts 10.7 days in the rabbit. Approximately 48 days, or 4.5 cycles, are required for a committed Type A spermatogonium to differentiate into mature spermatozoa that are released into the lumen of the seminiferous tubule (1) . An additional 10 to 14 days (1 to 1.5 cycles) are required for the spermatozoa to pass through the epididymis into the ejaculate.
The cycle of the seminiferous epithelium has implications in the design of testing protocols for studying the effects of an agent on the male reproductive system. Amann recommends that in subchronic toxicity studies, exposure to a test compound should continue for at least 6 (9) ; however, neutralbuffered formalin is an excellent fixative for testes to be embedded in glycol methacrylate (9) . Glutaraldehyde or Karnovsky's fixative can be used for tissue to be embedded in epoxy. Epoxy-embedded tissue can be cut to 1-,um sections or used for electron microscopy. For testis embedded in paraffin or glycol methacrylate, hematoxylin and Periodic acid-Schiff (PAS) stains are used to stain the nuclei and acrosomes, respectively, to determine specific stages of the spermatogenic cycle. Eosin staining does not permit visualization of the acrosome, and therefore the stages of spermatogenesis cannot be identified and stage-specific lesions may be missed. Toluidine blue permits the recognition of different cell types in epoxy sections.
Common Histologic Changes
Multinucleated spermatids, focal tubular hypospermatogenesis, swelling of spermatocytes, and clear cytoplasmic vacuoles within Sertoli's cells are commonly seen in histologic sections of testes of control rabbits used in percutaneous toxicity studies and in rabbits not used in any previous studies (5,10). These changes often are considered to be evidence of degeneration and may be confused with toxic lesions. The incidences of these changes in control rabbits are summarized in Table 1. Multinucleated spe'rmatids, also called spermatid giant cells, are observed in 94% of the testes from rabbits in the 91-day studies (Fig. 2) from the spermatogonial stages through the maturation of the spermatids (3, 5, 11, 12) . These cells usually are found free in the tubular lumen, but occasionally can be seen embedded in the seminiferous epithelium. Most multinucleated spermatids have several round, condensed or pyknotic nuclei, but larger cells occasionally have as many as 40 nuclei. When large numbers of nuclei are present, they usually line the periphery of the cytoplasm. Rabbits serving as controls in percutaneous toxicity studies had more multinucleated spermatids in their seminiferous tubules than did rabbits that were sacrificed without manipulation (5, 10) . While multinucleated spermatids are generally considered a degenerative or dystrophic change (12) , they have been reported in the testes of clinically normal mice, rabbits, and men (12) (13) (14) . Normal attrition of spermatogenic epithelial cells in the rabbit has been estimated to result in a loss of about 24% of the potential spermatids during the meiotic divisions (2) . The presence of some degenerating spermatids is not surprising. The number of multinucleated spermatids and the number of tubules containing these cells vary tremendously within control rabbits. Starvation, thermal stress, surgical procedures, local injury, and experimental cryptorchidism have been reported to increase the number of multinucleated spermatids in rabbits (12, 13) . It is possible that nonspecific stressors may increase the formation of multinucleated spermatids, possibly by increasing cortisol concentrations in the serum, which subsequently decrease testosterone production (15) . Administration of a test compound may indirectly cause increased formation of multinucleated spermatids through nonspecific stress, or it may directly affect the testis. Because these changes are so variable in control rabbits, quantitative evaluation of numerous testes may be necessary to detect mild degenerative changes caused by toxic agents. Multifocal tubular hypospermatogenesis occurs in 22% of the rabbits in 91-day studies (10) . Hypospermatogenesis is defined as thinning of the spermatogenic epithelium to two or fewer layers. Often one or a few small triangular clusters of hypospermic tubules are found just beneath the capsule, but these clusters can occur anywhere (Fig. 3) . Occasionally, single tubules are affected, and these tubules are difficult to distinguish from tubules with artifactual loss of the epithe- lium. The diameters of these tubules do not differ from the diameters of adjacent normal tubules, demonstrating that loss of seminiferous epithelium is not always accompanied by decreased tubular diameters. Spermatocyte swelling and intracytoplasmic vacuolation of Sertoli's cells are seen in most rabbits. Affected spermatocytes have clear cytoplasm and eccentric, often pyknotic, nuclei (Fig. 4) . Ultrastructurally, the cytoplasm is electron lucent, the nuclear chromatin is coarsely clumped, and the cytoplasmic membrane often is disrupted. Similar changes are observed in testes perfused with glutaraldehyde (5). These changes indicate degeneration of spermatocytes. In most affected tubules, the majority of the deep spermatocytes in the basal layer of nuclei are affected. Adjacent tubules often are not affected.
Vacuoles within Sertoli's cell cytoplasm occasionally are large and coalescing (Fig. 5) . Ultrastructurally, these vacuoles are distended endoplasmic reticulum.
In one study, rabbit testes fixed by immersion in neutral-buffered formalin were compared to contralateral testes that were perfused with cold 2% glutaraldehyde (5). The formalin-fixed testes contained severe shrinkage artifact and nuclear clumping of chromatin, which made many cell types impossible to identify, but there were no significant differences in the frequencies ofmultinucleated spermatids, focal tubular hypospermatogenesis, swelling of spermatocytes, and cytoplasmic vacuoles in testes fixed with formalin or glutaraldehyde. Therefore, formalin fixation does not result in artifactual formation of multinucleated spermatids, hyposper- matogenesis, spermatocyte swelling, and vacuoles within Sertoli's cells. However, the stages of the cycle of the seminiferous epithelium cannot be accurately identified in formalin-fixed, paraffin-embedded sections stained with hematoxylin and eosin, whereas they can be easily recognized in testes perfused with glutaraldehyde. Formalin-fixed, paraffin-embedded sections stained with hematoxylin and eosin are not adequate to detect subtle lesions or characterize the cell types involved in more severe lesions of the testis in routine toxicologic studies.
Conclusions
In summary, rabbits are valuable animal models for the study of male reproductive toxicology and pathology. Advantages include the ability to serially ejaculate male rabbits, permitting longitudinal studies of fertility and semen characteristics, the ability to artificially inseminate females, the reasonable expense and availability ofrabbits, and documentation ofreproductive processes in the literature. Histologic evaluation of testes in routine toxicologic studies is complicated by the common and variable occurrence of multinucleated spermatids, focal tubular hypospermatogenesis, spermatogonial swelling, and vacuolation of Sertoli's cells. These changes are nonspecific degenerative changes that occur in the testes of normal rabbits and may be increased during stress. These changes may be difficult to distinguish from lesions induced by a test compound. Quan-titative evaluation of the semen, testes, and accessory reproductive organs may be required to prove that a test compound has an adverse effect on the reproductive system.
